The purpose of this study is to analyze the temperature distribution on the interface between the polymer electrolyte membrane and catalyst layer at the cathode in single cell of polymer electrolyte fuel cell when operated in elevated temperature range than usual. In this study, the interface between the polymer electrolyte membrane and catalyst layer at the cathode is named as reaction surface. This study has considered the 1D multi-plate heat transfer model estimating the temperature distribution on the reaction surface and verified with the 3D numerical simulation model solving many governing equations on the coupling phenomena of the polymer electrolyte fuel cell. The 3D numerical simulation model coverers a half size of actual cell including three straight parts and two turn-back corners, which can display the essential phenomena of single cell. The results from both models/simulations agreed well. The effects of initial operation temperature, flow rate, and relative humidity of supply gas on temperature distribution on the reaction surface have been investigated. Though the effect of flow rate of supply gas on temperature distribution on reaction surface has been small, low relative humidity of supply gas has caused higher temperature on the reaction surface compared to high relative humidity of the supply gas. The temperature rise of reaction surface from initial operation temperature has increased with the increasing in initial operation temperature of cell.
Introduction
 PEFC (polymer electrolyte fuel cell) is an attractive and clean electrochemical power generation technology. However, there are some barriers preventing the widespread use of PEFCs. Some of the barriers are the reduction in the power generation performance and life time period, caused by the uneven distributions of a mass concentration and temperature inside the cell of PEFC. Localized increase of temperature is mainly triggered by the local heat generation and poor gas diffusion, which is blocked by the condensed water. This creates the uneven temperature distribution in the cell of PEFC [1] [2] [3] .
The temperature distribution in the cell of PEFC is crucial for effective operation of the PEFC. The uneven temperature distribution could cause degradations of the PEM (polymer electrolyte membrane) and catalyst layer. Localized temperature rise would cause thermal decomposition of the PEM. The PEM could also be broken by thermal stress caused by the uneven temperature distribution [2, 4] . Temperature distribution can also influence the phase change of water/moisture. Moisture content influences the performance of the PEM and gas flows in GDL (gas diffusion layer) and catalyst layer. Therefore, it is important to understand and analyze the temperature distribution in the cell of PEFC, to improve the power generation performance and realize the long-life period, which is the main aim of this study.
The temperature distributions on separator's back of single cell of PEFC were measured by thermograph and reported in our previous work [5] . In Ref. [5] , the temperature distribution under power generation conditions was measured accurately without disturbing heat and mass transfer and accordingly the sensors were installed. Based on the experimental analysis of the study [5] , an empirical model has been developed to predict the temperature distribution on the interface between PEM and catalyst layer at the cathode, which is named as a "reaction surface" in this paper. Through literature survey, it has been observed that there has been no previous study/report on assessing the temperature distribution on reaction surface using the measured temperature data at the separator's back. The temperature distribution on reaction surface can be estimated using the heat transfer model which can be developed with the measured separator back's temperature without difficult and complex temperature measurements.
In previous studies conducted by Nishimura et al. [6, 7] , to estimate the temperature distribution inside single cell of the PEFC, a 1D multi-plate heat transfer model, using the temperature data of separator's back measured by thermograph under power generation, has been presented. Since the single cell of PEFC consists components of PEM, catalyst layer, GDL and separator [6, 7] , the heat transfer model, assuming the heat transfer through multi-plates for these components of the PEFC cell, has been presented in Refs. [6, 7] . The reaction surface temperature has been calculated using the heat transfer model. This is an innovative approach for identifying the heat transfer mechanism in single cell of PEFC using the developed empirical model based on experimental results.
The empirical model developed by Nishimura et al. [6, 7] has been compared with the other heat transfer models [8] [9] [10] , and it has been observed that the temperature gradients for the targeted regions under the similar operation conditions have been almost the same as reported in Refs. [6, 7] . Thus, it can be believed that, the heat transfer model proposed by Nishimura et al. [6, 7] is realistic.
Main aim of the present paper is to predict the temperature distribution on the reaction surface under high temperature operation (such as 363 K condition), which is the target temperature for a stationary PEFC system during the time from 2020 to 2030 according to the NEDO road map in Japan [11] . If the PEFC system is operated at higher temperature than usual temperature, the following advantages can be obtained [12] : (1) an electrochemical reaction in catalyst layer can be encouraged, and (2) the tolerable concentration of CO, which is by-product from a reforming of hydrocarbon fuel, can be higher. However, the impact of hot spot on PEM becomes bigger under elevated temperature operation condition. In addition, problems such as durability of PEM material, catalyst corrosion, local flow, pressure, temperature, voltage and current un-uniformity inside the fuel cell stack must be solved before commercialization [13] . Some studies [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] have investigated PEFC operated under elevated temperature than usual. Although the dynamic power generation characteristics [14] [15] [16] [17] [18] [19] , the degradation test [20] [21] [22] , the water distribution [23] , the power generation performance under different temperatures, relative humidity, gas flow rate and pressure [24, 25] have been investigated, there have been a few reports [26, 27] on temperature distribution in the cell of PEFC. Especially, the temperature distribution on "reaction surface" has not been investigated yet, except in our former study [28] using the proposed heat transfer model. Since the proposed heat transfer model [28] , which has been the same as Nishimura et al. [6, 7] , is a simple 1D model and has included several assumptions, so it is needed to have more validation of that model. Therefore, this study is investigating the numerical analysis using 3D model in order to assess the temperature distribution on reaction surface. For the numerical simulation, this study uses the commercial CFD (computational fluid dynamics) software CFD-ACE+ (ESI Japan), which solves many governing equations on the coupling phenomena in a cell of PEFC such as fluid dynamics, gas diffusion, electrochemical reaction and heat transfer at the same time. The effects of initial operation temperature (T ini ), flow rate, relative humidity of supply gas on temperature distribution on reaction surface are investigated. In addition, the temperature distributions calculated by the 1D model [28] are also compared with the 3D model.
Calculation Procedures

Numerical Simulation Model and Calculation Conditions
The numerical analysis using 3D model has been conducted by the CFD-ACE+. This CFD software has the simulation code for PEFC, composed of the equations such as conservation equations of mass, momentum and energy in porous region as well as electrochemical reaction [29] . Although the detailed explanation for all the equations has been given in Ref. [29] , the conservation equation for energy can be expressed as [30, 31] :
where, ε is porosity; ρ s is mass density of solid; h s is enthalpy of solid; ρ is mass density of mixture; h is enthalpy of mixture; t is lapse time; U is fluid velocity vector; q is heat flux; τ is shear stress tensor; p is absolute pressure; I T is net transfer current due to electrochemical reaction; η is electrode overpotential; i is net current density; σ is electrical conductivity; S h is enthalpy source due to the phase change. The heat flux q is comprised of thermal conduction and species diffusion, and can be expressed as [32] :
where, λ is effective thermal conductivity; T is bulk temperature; N G is total number of gas species; J i is diffusion flux of i-th species; h i is enthalpy of i-th species. The effective thermal conductivity of the fluid and solid region can be expressed as [33] :
where, λ S is thermal conductivity of solid in porous region; λ F is thermal conductivity of fluid (or pore) in porous region. Consideration on conservation of enthalpy, heat derived from the shear stress and pressure drop of fluid flow as well as heat derived from the current transfer is the different point in 3D numerical analysis model compared to the 1D heat transfer model [28] . The energy conservation equation has been analyzed using a finite volume scheme on arbitrary mesh topology within the framework of the commercial CFD code CFD-ACE+. The governing equations are derived based on the following assumptions [34, 35] :
(1) The volume of condensed water is ignored and the water/moisture moves with gas;
(2) The reduction of the reaction area, caused by the flooding in electrode, is ignored and the diffusion prevention caused by the water condensation is ignored; (3) Cell voltage is uniform and constant; (4) The effective porosity and the permeability of the porous media are isotropic; (5) Heat transfer between the gas and solid phase of porous media is ignored; (6) Fluid is incompressible Newtonian fluid and ideal gas. Flow condition is a laminar flow; (7) The distribution of inlet gas flow rate at each side is uniform; (8) In PEM, ionic conductivity, electro-osmosis coefficient, and water effective diffusion coefficient that depend on the humidity are ignored; (9) The gas crossing over through PEM is ignored. The validation of analysis procedure, using these equations, has been already demonstrated [34] [35] [36] [37] [38] . Fig. 1 and Table 1 show the simulation model and the specification of cell components used in 3D model and 1D heat transfer model [28] , respectively. The materials of PEM, catalyst layer, GDL and separator are Nafion 115, compound of platinum and carbon, carbon paper and carbon graphite, respectively. The thickness values listed here are the same as those of the components used by the previous studies [5, 39, 40] . Tables 2 and 3 list the operation condition of power generation to measure the temperatures used for 1D heat transfer model [28] and calculation conditions for the 3D model, respectively.
As shown in Fig. 1 , the model consists of a pair of gas channels and ribs. The thicknesses of cell components are given in Table 1 . The temperature data measured by thermograph during power generation experiment have been used as the boundary condition for the separator's back temperature at the anode and cathode. This boundary condition has been the same as the one used in 1D heat transfer model [28] . As shown in Fig. 1 , the counter flow has been simulated for the gas flow in the gas channel of separator, which has been followed by the power generation experiment in the previous study [5] . The gas channel length (to X-axis direction in Fig. 1 ) has been set at 50 mm which was equal to the one straight path length of the actual separator used for power generation experiment [5] . Though the 3D model represents a half size of actual cell, it includes three straight parts and two turn-back corners, which can display the essential phenomena in single cell. Therefore, this study trusts that this 3D model can predict the temperature distribution on the reaction surface of single cell at elevated temperature than usual.
To investigate the impact of operation condition on the mass and temperature distributions, T ini , flow rate and relative humidity of the supply gas have been varied. Furthermore, the temperature distribution on the reaction surface has been calculated by the numerical simulation using the 3D model and compared to that calculated by the 1D heat transfer model [28] . 
Results and Discussion
Mass and Temperature Distribution-Numerical Analysis Using 3D Model
Fig . 2 shows the molar concentration distribution of H 2 in Z-axis direction on the interface between the PEM and catalyst layer at the anode, where the anode electrochemical reaction occurs. As an example of calculation results, the data obtained at T ini of 363 K, relative humidity of supply gas of 80% RH and stoichiometric ratio of supply gas of 1.5 are shown. In Fig. 2 , the molar concentration distributions of H 2 at the inlet of position from A to L are evaluated. Due to the separator configuration, the molar concentration distributions of H 2 at the inlet of position E and I which are turn-back area are shown in X-axis direction. In Fig. 2 , C and R represent gas channel and rib of separator, which are 2 mm and 2 mm, respectively. The origin of Fig. 2 is the extreme left of the molar concentration distribution in X-axis direction or Z-axis direction to the flow direction. The range from (C+R)/C = 0 to 0.5 and that from (C+R)/C = 1.5 to 2.0 indicate the interface between PEM and catalyst layer at anode under the rib, while the range from (C+R)/C = 0.5 to 1.5 indicates the interface between PEM and catalyst layer at anode under the gas channel.
It has been observed that the molar concentration distribution of H 2 is almost even. Since the diffusivity of H 2 is good, H 2 is spread on the interface between PEM and catalyst layer at anode through GDL and catalyst layer well. It can be seen from under the left rib is higher than that under the right rib in top and bottom sub-figures in Fig. 2 , while that under the right rib is higher than that under the left rib in middle sub-figure in Fig. 2 . From a viewpoint of the surface consisting of X-axis and Z-axis, the amount of gas flow at the top edge of the model in gas flow direction is larger, since it is closer to the inlet. On the other hand, the amount of gas flow at the inferior end of the model in gas flow direction is smaller since it is closer to the outlet. Furthermore, it is seen that the molar concentration distribution of H 2 decreases along the gas flow from the position A to L due to gas consumption. 3 shows the molar concentration distribution of O 2 in Z-axis direction on the reaction surface where the cathode electrochemical reaction occurs. As an example, the data obtained at T ini of 363 K, relative humidity of supply gas of 80% RH and stoichiometric ratio of supply gas of 1.5 are shown. In Fig. 3 , the molar concentration distributions of O 2 at the inlet of position from A to L are evaluated. Due to separator configuration, the molar concentration distributions of O 2 at the inlet of position E and I which are turn-back area are shown in the X-axis direction.
According to Fig. 3 , the molar concentration of O 2 under the gas channel is higher than that under the rib.
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In addition, the highest peak of molar concentration of O 2 is observed at the gas channel center. Since there is a large molar concentration difference of O 2 between the gas channel and the rib at the interface between separator and GDL, the molar concentration of O 2 under the gas channel is higher than that under the rib on the reaction surface. The diffusivity of O 2 is lower than that of H 2 , the larger molar concentration difference between gas channel and rib causes compared to Fig. 2 . In addition, it can be seen from Fig. 3 that the molar concentration distribution of O 2 is not symmetry slightly. The molar concentration distribution of O 2 under the left rib is higher than that under the right rib in top and bottom sub-figures in Fig. 3 , while that under the right rib is higher than that under the left rib in middle sub-figure in Fig. 3 . As the same is discussed for Fig. 2 , from a viewpoint of the surface consisting of X-axis and Z-axis, the amount of gas flow at the top edge of the model in the gas flow direction is larger since it is closer to the inlet. On the other hand, the amount of gas flow at the inferior end of the model in the gas flow direction is smaller since it is closer to the outlet. Furthermore, it is seen that the molar concentration distribution of O 2 decreases along the gas flow from the position A to L due to the gas consumption. Fig. 4 shows the molar concentration distribution of water/moisture in Z-axis direction on the reaction surface, where the cathode electrochemical reaction occurs. As an example of calculation results, the data obtained at T ini of 363 K, relative humidity of supply gas of 80% RH and stoichiometric ratio of supply gas of 1.5 are shown. The molar concentration distributions of water at the inlet of position from A to L are evaluated. Due to separator configuration, the molar concentration distributions of water at the inlet of position E and I which are turn-back area are shown in X-axis direction.
According to Fig. 4 , the molar concentration of water/moisture under the rib is higher than that under the gas channel. In addition, the highest peak of molar concentration of water is observed at the rib center. These tendencies are opposed to the molar concentration distribution of O 2 . It is thought that, the water under the gas channel is easy to be discharged by O 2 passing toward the outlet of cell. Therefore, the molar concentration of water on the reaction surface under the gas channel is lower compared to that under the rib. In addition, it is seen that the molar concentration distribution of water increases along the gas flow from the position A to L due to water production by electrochemical reaction. Furthermore, it can be seen from Fig. 4 that the molar concentration distribution of water is not symmetry slightly. The
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Fuel Cell when Operated in Elevated Temperature Range 400 molar concentration distribution of water under the right rib is higher than that under the left rib in top and bottom sub-figures in Fig. 4 , while that under the left rib is higher than that under the right rib in middle sub-figure in Fig. 4 . From a viewpoint of the surface consisting of X-axis and Z-axis, the amount of accumulated water at the inferior end of the model in gas flow direction is larger, since it is closer to the outlet. On the other hand, the amount of accumulated water at the top edge of the model in gas flow direction is smaller since it is closer to the inlet. Fig. 5 shows the temperature (T r, CFD ) distribution on the reaction surface in Z-axis direction. As an example of calculation results, the data obtained at T ini of 363 K, relative humidity of supply gas of 80% RH and stoichiometric ratio of supply gas of 1.5 are shown. The temperature distributions at the inlet of position from A to L are evaluated. Due to separator configuration, the temperature distributions at the inlet of position E and I which are turn-back area are shown in X axis direction.
According to Fig. 5 , the T r, CFD under the rib is higher than that under the gas channel. In addition, the highest peak of T r, CFD is observed at the rib center. Since the amount of O 2 under the channel is larger compared to that under the rib, it is thought that the convection heat transfer by O 2 passing toward the outlet of cell is larger. Therefore, T r, CFD under the gas channel becomes lower than that under the rib. In addition, it is seen that T r, CFD increases along the gas flow from the position A to L due to the power generation advancement by the humidification of produced water.
From Fig. 5 , it is observed that the temperature for each position has the distribution within 0.5 K, which is at the similar level to the previous studies [9, 10, 41] . Consequently, it is thought that, the assumption of 1D multi-plate heat transfer model [28] regarding temperature on reaction surface, i.e., the temperature under the rib is equal to that under the gas channel, is reasonable. 
Effect of Operation Condition on Temperature Distribution-Numerical Analysis Using 3D Model
The effect of flow rate of supply gas on temperature distribution is investigated on the reaction surface calculated using 3D model. Figs. 6-8 show the temperature distributions on the reaction surface, which are evaluated by T r, CFD -T ini , for the different stoichiometric ratios of supply gas at T ini of 353 K, 363 K and 373 K, respectively. The relative humidity of supply gas is 80%. Though the temperature distributions at the inlet of position from A to L are evaluated, the temperature distributions at the inlet of position E and I which are turn-back area are shown in X-axis direction due to separator configuration.
According to Figs. 6-8, the temperature difference among different stoichiometric ratios of supply gas is small, which is below 0.5 K. Since the supply gas is enough for electrochemical reaction even the stoichiometric ratio is 1.5. It is believed that the difference of heat generated by electrochemical reaction among different stoichiometric ratios is small.
The effects of relative humidity of the supply gas on temperature distribution on the reaction surface are investigated using 3D model. Fig. 9 shows the temperature distributions at T ini of 363 K with relative humidity of supply gas of 40% RH and 80% RH. The stoichiometric ratios of supply gas are 1.5, 2.0 and 3.0.
According to Fig. 9 , the temperature for 40% RH is higher than that for 80% RH. Since the power generation performance degrades with decreasing relative humidity of supply gas, the energy which cannot be converted to electricity, contributes to increase in heat [28] . Therefore, the temperature on reaction surface under lower relative humidity condition is higher.
The effect of T ini on temperature distribution is investigated using 3D model. Fig. 10 shows the temperature distributions on the reaction surface evaluated by T r, CFD -T ini at T ini of 353 K, 363 K and 373 K with relative humidity of supply gas of 80% RH. The results with stoichiometric ratio 2.0 of supply gas are shown in Fig. 10 .
According to Fig. 10 , it is seen that the T r,CFD -T ini at 363 K is the highest among different T ini . The difference of T r, CFD -T ini between 353 K and 363 K is small, while that between 363 K and 373 K is large. The proton conductivity increases by 21% changing T ini from 363 K to 373 K [42] . On the other hand, the increase in ratio of proton conductivity is 10%, when changing T ini from 353 K to 363 K [42] . Therefore, the power generation performance is improved at T ini of 373 K, resulting that the temperature rise on the reaction surface becomes high due to the increase in the heat generated by the power generation.
Comparison of Temperature Distribution on Reaction Surface between the 1D Multi-plate Heat Transfer Model and the 3D Model
Tables 4-7 list the temperature rise of the reaction surface from T ini in the position from A to L under the conditions that T ini is 353 K and the relative humidity of supply gas is 80% RH, T ini is 363 K and the relative humidity of supply gas is 40% RH, T ini is 363 K and the relative humidity of supply gas is 80% RH, and T ini is 373 K and the relative humidity of supply gas is 80% RH, respectively. From Table 4 , the maximum difference of temperature rise of the reaction surface from T ini between 1D multi-plate heat transfer model [28] and 3D numerical simulation model is 0.6 K, which is within the range. The difference of temperature rise of reaction surface from T ini between 1D multi-plate heat transfer model [28] and 3D model increases along the gas flow from the position A to L, resulting from that 1D multi-plate heat transfer model treated the water produced by electrochemical reaction as liquid water and the temperature on reaction surface is calculated based on the higher heating value. On the other hand, the 3D model treats the water produced by electrochemical reaction as vapor. Since the molar concentration of water increases along the gas flow from the position A to L and liquid water might be generated more, it is believed that the difference of temperature rise of reaction surface from T ini between 1D multi-plate heat transfer model [28] and 3D model increases along the gas flow from the position A to L. According to the experimental study [43] , the PEM temperature measurement through, the temperature rise of reaction surface from T ini ranging from 2 K to 3 K has been reported under the condition that T ini was 353 K, the relative humidity of supply gas was 100% RH, and the cell voltage was 0.2 V. Consequently, it is obvious that, the temperature rise of the reaction surface from T ini calculated by the 3D model and 1D multi-plate heat transfer model [28] is correct.
It is seen from Table 5 that the maximum difference of temperature rise of the reaction surface from T ini between 1D multi-plate heat transfer model [28] and 3D model is 1.5 K, while it is seen from Table 6 that the maximum difference is 0.7 K. The maximum difference of temperature rise of the reaction surface from T ini becomes larger at lower relative humidity of supply gas. It is believed that liquid water is not produced easily at relative humidity of supply gas of 40% RH. However, 1D multi-plate heat transfer model [28] has calculated the temperature on the reaction surface assuming liquid water production based on the higher heating value. Therefore, the temperature on reaction surface calculated by 1D multi-plate heat transfer model [28] might be higher than actual. From Table 7 , the maximum difference of the temperature rise of the reaction surface from T ini between 1D multi-plate heat transfer model [28] and 3D model is 0.3 K, which is justified. 1D multi-plate heat transfer model [28] has calculated the temperature on the reaction surface assuming the vapor production by electrochemical reaction at T ini of 373 K, which is based on the lower heating value. Since the calculation condition regarding water production is the same between 1D multi-plate heat transfer model [28] and 3D model, the calculated temperatures for two models are justified.
From this study, it has been accessed that the temperature distribution on the reaction surface calculated by the 1D multi-plate heat transfer model [28] has been validated by the numerical simulation using the 3D model.
Conclusions
This study examines the numerical analysis using 3D model to evaluate the temperature distribution on the reaction surface. In addition, T ini , flow rate and relative humidity of supply gas have been varied to investigate the effect of operation condition on the temperature distribution on the reaction surface. The temperature distribution on the reaction surface calculated using 3D model is compared to that calculated by the 1D heat transfer model [28] . From the analysis of results of this study, the following conclusions have been obtained:
(1) Though T r, CFD under the rib is higher than that under the gas channel, the temperature for each position has the distribution within 0.5 K, which can be treated as even temperature distribution.
(2) The effect of flow rate of supply gas on temperature distribution on the reaction surface is small.
(3) The temperature on the reaction surface under low relative humidity condition is higher than high relative humidity condition.
(4) The T r, CFD -T ini at 363 K is the highest among different T ini . The difference of T r, CFD -T ini between 353 K and 363 K is small, while that between 363 K and 373 K is large.
(5) The temperature distribution on the reaction surface calculated by the 1D multi-plate heat transfer model [28] has been validated by the numerical analysis using a 3D model, and the maximum difference between two models becomes larger at lower relative humidity condition.
